Geometric and Physical Constraints on Recovering Snow Covered Area from SAR
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ABSTRACT

Snow coveredarea is an important variable in
snowmelt runoff modelling. SAR can supply
information on this parameter by detecting deerease
in the backscatteringoefficientwhich occurs when the
snowpack becomes wet. Howevitre method isubject
to several geometric, geophysicand logistical
constraints which limit its general applicabilitfhese
include missingoverage due to relief, reference image
availability, inferringdry snow coveryalidation and
the sampling and timerequirements for runoff
modelling and forecasting. These ameviewed inthis
paper andvhere available, solutiorere outlined along
with their limits of applicability. Many ofthe topics
discussed have relevance to other SAR applications.

INTRODUCTION

Wet snow covercan be detectedusing spaceborne
C-band (wavelength 5.7 cm) synthetic aperttadar
(SAR) such as ER®&nd Radarsat [1]SAR derived
estimates of wet snow coveradea (SCA)and hence
inferred estimates of drgndtotal SCA, are of interest
to various applications including snowmettinoff
modelling [2]. As part of @roader project promoting
the use of EOdata insnowmelt hydrology, SAR wet
snowmapping haveen demonstrated over a variety of
geographical regions including the Zillertal basin in the
Austrian Alps, the Tjaktjajaure basin inorthern
Swedenand theSpeybasin in the Scottish Highlands
[3-8]. Thiswork hasrevealed a nhumber of geometric,
geophysical and logistical constraints to general
application of the method. These are eal$cussed
below. However, the SAR wet snanapping method is
first briefly described.

SAR WET SNOW MAPPING
Theoretical Basis

At C-band, the penetration depthdy snow is of the
order of tens of metreand the backscatter mainly
comes fromthe underlyingsurface [1,9]. In contrast,
even 1% liquid water by volume reduces the
penetration depth to tens of centimetres. As russies

in the wet snow are due to absorptiorrather than
volume scattering, thebackscatring coefficient is
substantially reduced [1]. Wetnow can therefore be
detected by comparing calibrated backscattalues
with those in a reference image from a period of no or
dry snow cover.

Methodology

In order to ensur¢hat thesnow and reference images
have the same imagingeometry, theyare takenfrom
the same repeat pas¥Vet snow is detected by
calibrating and registeringoth images, filtering each
image to reduce speckénd then applying a threshold
to their intensity ratioWwet snow is detected this is
lessthan -3dB. Relative calibration toadarbrightness

is sufficient for purposes of imagatioing [10] and
registration of repeat pass images requit@dy
translation. The ratioing cancels backscatter variations
due to the local incidence angle. A transform for
geocodingratio images is defined bynatching the
reference image to &AR image simulated from a
DEM [11]; layover featuresreused as ground control
points. A fuller description of theSAR wet snow
detection method can be found in [1,4,6-8]

GEOMETRIC CONSTRAINTS

The primary constraint arisinfom the SAR image
geometry ismissing coverageSpecificconstraints also
apply to large basins.

Missing Coverage Induced by Relief

The geographic coverage provided by SAR s
appreciably reduced by even moderate relief. Missing
coverage arises where relief causies local incidence
angle @) to be particularlyow or high. As aresult wet
snow detection idimited to local incidence angles
betweenl7° and 78° [1]. This islue to foreshortening
andspeculareffects at lowangles, and thpoor signal

to noise ratio afgrazing angles. Foreshortening and
grazing ardhemselves limited by local incidence angle
(0 < 0° and 8 = 90° respectively). Beyondthis
additional problems of missingoveragearise due to
layover and radar shadow [12].



Some control ovethe local incidence angles within a
scene is availableghrough the choice of imaging
geometry, namelyhe look angle (the anglsubtended
at the antennbetweenthe radarbeamand nadir). At
steep lookangleslayover and foreshortening are the
primary sources ahissingcoverage. As thdook angle
increases Jayover and foreshortening decrease while
radar shadowand grazingincrease. Amongst current
spaceborne SAR systentBe mid-beamook angle ()

of ERS is fixed at 20° while Radarsaffers a mid-
beam lookangle ofbetween20° and 40°.For three
basins of differing relieind mid-beam lookangles of

20° and 40°Table 1 lists the percentage area of each

basinaffected bymissingcoverageand thebreakdown
into layover,radarshadow, foreshorteningnd grazing
(note: layoverand foreshortening can overlapPEMs
of the basinsvere used to identifgreas ofayover and
radar shadow [10]and to calculate local incidence
angles [11]. All of these calculationsere based on
orbit parameters for actual ER#\d Radarsaframes.
The basins include éigh relief alpine basin (the
Zillertal in Austria, elevatiorrange 560 to 3503 m),
andtwo higher latitudebasins of more moderate relief,

the Tjaktjajaure basin in Northern Sweden (450 to 2044

m), and theSpeybasin in Scotland (198 to 1284 m).
The elevation rangesre listed togive a rough
indication of the amount of relief.

Table 1. Theeffect of lookanglea on the percentage
area of missingcoverage inthree basins of differing
relief, including the breakdown intolayover, radar
shadow, foreshortening and grazing [3,6,8].

Basin| a | Tot. | Lay. | Sha.| For. | Gra.
Zill. | 20° | 388| 349| <1| 39 NA
Zill. |40° | 10.6| 0.9 04| 93 NA
Tjak. | 20°| 12.0/ 6.0 0.0§ 8. 0.01
Tjak. | 40°| 2.1| 04| 09| 0.3 0.7
Spey | 20°| 21.8| 7.4 | 0.06] 18.6 0.008
Spey | 40°| 1.7| 0.56| 0.29| 0.9 0.2

At the steeper, 20°look angle (ERS or Radarsat),
missing coverage affects &rge part (38.8 %) of the
Zillertal basin, most of which idayover. Missing
coverage is considerably less (12 to 21.8 %hémore
moderate relief basins, but is still appreciabtiere,
foreshorteningrather thanlayover is the dominant
cause. Irall three basinsadarshadowand grazing are
comparatively insignificant.

Becausehe look angle varies acroghe image swath,
the amount of missingoverage also depends on the
range position of each basin within the swathhis
effectcan beobserved irthe resultdor the Tjaktjajaure

and Spey basins. Based othe elevationrange, the
Tjaktjajaure basinwould be expected to be worse
affectedthan theSpeybasin.However,the contrary is
true due to theangepositions the basinwere imaged

at, in these examples. Tjaktjajaure was imaged at far
range, hencdayoverand foreshortening were reduced
relative to mid-swath. Thepposite occurs with the
Spey which was imaged ahear range. Oradjacent
passes to those used here, the basins will be imaged at a
more/less distamtange anchence will exhibit slightly
less/more missing coverage.

At the shallower, 40°look angle (Radarsabnly)
missingcoverage is markedly lower il three basins.
This is due to the reduction imayover beingmuch
greaterthan theincrease irradarshadowand grazing.
While the Tjaktjajaure and Spey basins show a decrease
in foreshortening the Zillertal basghows an increase.
This is due topart of the area thatvas previously
affected by layover now being affected by
foreshortening. Foreshortening w the dominant
source of missingover inthe Zillertal andSpeybasins
while radar shadow isthe dominantsource in the
Tjaktjajaure basin. Thelifferences betweethe Spey
andTjaktjajaure basins camnceagain be explained by
their relative range positions.

The aboveexamples illustrat¢hat atsteep look angles
missing coverage can be a severe constraint to
estimatingwet SCA overregions of even moderate
relief (1000 m variation in elevation). At shallower
look angles, theroblem is greatly reduced bean still
exceed 10 % ofhe image in regions diigh relief.
Finally, it should be notedhat steeper slopes, and
hence missing coverage, more often occumid to
higher elevations where snow cover is more likely [3].

Two approaches have been developed to reduce the
effects of missing coverage:

¢ Image combination;

e Inferring wet snow cover inareas of missing
coverage.

Image Combination

Missing coveragecan be reduced appreiably by
combining images taken from differentiewing
directions, such as the ascending and descending passes
of a spaceborne SAR [1]. For examplee combination

of ERS passes reduces missgayelage overthe Spey

and Zillertal basins to lessthan 1% and 6 %
respectively[3,6].



The usefulness ofthis approach is limited by the
temporal lagbetweenthe ascendingand descending
passes which is latitude dependent. \Bfeiw detection
requires both images to be takelnsetogether in time
during a period of little change isnow conditions. In
the Alps (~47° N), where thevet snow detection
method was originally developethe lagbetween the
two passes is onlyalf a day [1]. However, at most
other latitudes the lag is day or morelonger. For
example, fothe Speyand Tjaktjajaure basins the time
lags are 1.5 and 6.Bays respectivelyWhile snow
conditions may remain stable over suchintervals
during acold period of no snovwmelt, this isunlikely
during melting periodsHence, inferences on wet SCA
based on image combinatiane unlikely to be valid in
these basins.

Inferring Wet Snow Cover in Missing Coverage

A statistical method fomferring wet snow inareas of
missing cover has been developed, based on zones of
similar aspeciandelevation [4,5]. ltusesthe following
steps:

1. The image isclassified into zones defined by
elevation and aspect.

2. The area ofwet snow, A, and othersurfaces
(excluding missing coverp;, is calculated for each
zonei, and theproportion ofwet snow cover for
that zone is calculated Bs= Ai/(Ai+B;).

3. If P, >T all areas of missingoverwithin thatzone
are classified as wet snow.

The use of ahard threshold causeset SCA to be
over/under-estimated withisome zonesHowever, for
an appropriate choice of threshold these errors will
balance out in the totalet SCA. A value ofT = 50 %
hasbeen usedThis is suitable when the area pbnes
has asymmetric distribution with respect . Since
this is notalwaysthe case a more optimal method is
needed to selethe threshold. An alternatiweould be
to apply a fuzzyrather than abinary classification.
Pixels in missingcover would be assigned their
correspondingP; value. Elsewhere, wet snow pixels
would be assignethe value 1and all othemixels the
value 0.The totalwet SCA couldthen beestimated by
simply summing pixel values inthe fuzzy
classification.

The method needs at legsart of any given aspect-
elevation zone to be unaffected by missooyer and
this determineshow finely aspectand elevation are
partitioned. In Tjaktjajaure, where the methuakbeen

applied over severahelt seasons, 15° aspect zones and
100 m elevation zones were found to be adequate.

Spatial Coverage over Large Basins

The scanSAR and wide beam modes available with
Radarsat enhanceSAR capability for wide area
coverage (300 km) by a single imageHowever,
wheretwo or more images are still required tover a
basin two constraints apply. The first igpurely
geometric while the second introducesp@blem of
geophysical interpretation.

 Where the basin just extendsver consecutive
frames in the azimuth direction theference and
snow frames need to be accurately mosaiqkéat
to ratioing. If mosaicking ideft to after ratioing
gaps can arisdue to slightdifferences inthe start
and end times of repeat frames.

Where it is notpossible to covethe basin within
the image swath, images fromwo or more distinct
times will be needed to provide coverage. Hence,
the problems of geophysicahterpretation ofsnow
maps from different dates, already noted earlier
with respect to image combination, will applhis
problemcan be circumvented by splitting the basin
into smaller sub-basins each of whidan be
covered by a single swath.

GEOPHYSICAL CONSTRAINTS

The SAR snowmapping method isubject to a variety
of geophysical constraintmicluding reference image
choice, othertypes of backscattechange,wet snow
detection in forest, dry snow inferences and validation.

Choice of Reference Images

Images from cold winter periods withnly dry or no
snow cover givethe best reference for detecting
backscatter change due ¥eet snow. Howeversuch
conditions can be infrequent in temperate maritime
basins having seasonal but generaligt snow cover,
e.g. basins in the Scottish Highlands. Opportunities for
acquiring suitable winter reference images wikn be
rare. In suctcases reference images should be selected
from long dry periods during the summer.

Thedependence of reference images on specific surface
conditions and specklecan bereduced by averaging
multiple reference images, if available.



Other Types of Backscatter Change

Wet snow detection is based on backscatteange

which can also arise from other causes, such as

agriculturalactivity, floodingandwind roughening of

open water. Lan@overand elevation information can
be used to mask out aredigely to be affected.

However, mis-classification will occur where other
change cannot be predicted.

Wet Snow Mapping in Forest

Mappingsnow coverunder forest igifficult with both
SAR and optical sensors. Ihasbeen showrthat wet
snowcan bedetected by C-ban8AR in sparse forests
[13] but not in thicker forest [14]Hence,land cover

information should be used to mask out forested areas.

Inferring Dry Snow Cover

Following wet snow detection, dry snow coveust be
inferred. If it is assumedhat snow coverpatterns
remain similarfrom year to year, anap ofdry snow
covercan be built ugfrom wet snowmaps from later
periods in previous melt seasons [This requires an
archive of SAR-derivedvet snowmaps fromprevious
years. Where archivedata is unavailable a “hill
climbing” approach which classifies pixels lyiadpove
wet snow as dry snow, can be adopted [4,5].

The hill climbing approach assum#satsnow cover is
complete ahigherelevations, buthis is often not the

case; for example, exposed ridgee often snow free.
Hence,this approach tends toverestimate SCA. By

contrast the archived data approach distinguishes

between snow-coverednd snow-freeareas at higher
elevationsand is thepreferred method if sufficierdata
is available.

Geophysical Validation

To checkthe accuracy of SAR derived (wet+drghow
covermaps,they have been compared withow cover
maps derived fromnear coincident high resolution
optical data.

In the Zillertal basingood agreement was found
between snow maps derived from ER®l Landsat TM
(7 day gap, 86.4 % agreemengnd Radarsat and
Landsat TM (2day gap, 82.8 % agreement) [6-8]. In
both cases SAR was observedutoderestimatesnow
cover relative to TM.

from ERSand Landsat TM (2lay gap) [4,15]. Overall
the SAR SCA is 15 % lesthan the TMSCA but the
differences are elevation dependent (Fig. 1).

Above 1500 m, theSAR SCA isnear 100 %and is
considerably greatethan the TM SCA. This is
probably because of overestimation Hye hill
climbing approach used to infer dspow cover, as
noted aboveThe TM+SAR common SCA is also
coincident with the TMSCA indicatingall snow
cover detected by TM is also detected by SAR.

Between 1200 m and 1500 m, the BXA changes
to being greaterthan the SAR SCA with the
maximumSAR and TM SCA occurring at around
1400 m, although th& AR maximum is slightly
greater and at a highezlevation than the TM
maximum. Confusiorbetweenthe SAR and TM
SCA is indicated bythe common SCA being less
than either.

Below 1200 m, SCA is significantly underestimated
by SAR relative to TMand thecommon SCA is
coincident with the SAR SCA indicatirthat all the
snow cover detected by SAR is also detected by TM.
Analysis of the TM image reveals that snow cover is
increasingly patchy at these lower elevations. It is
suspected that this patchiness reduces the
backscatter change due wet snow to below the
-3 dB detection threshold. Such a reduction in
backscatter changeas been observed imareas of
patchy wet snow elsewhere 8tandinavia [16] and

in the Spey basin in the Scottish Highlands [3].
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Fig. 1. Tjaktjajaure: elevation plots of the basin area,
the SCA derived from Landsat TM (25/06/92)d ERS

By comparison, in the Tjaktjajaure basin marked SAR (23/06/92) and the SCA common to both sensors.

differences were found between snamaps derived



If patchy snow cover isthe cause of SAR
underestimating SCA alower elevations inhigher

latitude basins, similaeffects might be expected in
alpine basinsHowever, due to the greater relief in
alpine basinsslopesaresteepeirnd the transitiozone

from full to no snow cover is much narrower.

The SCA differences observed the Tjaktjajaure basin
need to be resolvebdefore SAR derived SCAan be

reliably used in snowmelt forecastingsimilar basins,
particularly if SCA estimates derived fro®AR and

optical EO are to be used together.

LOGISTICAL CONSTRAINTS

Snowmelt runoff modelling requireseekly estimates
of SCA [17]. Also fornear real-timeforecasting of
snowmelt runoff, SAR derived estimates of S@Ast
be available within alay ofdata acquisitionBelow we
discuss how these conditionan be met using current
spaceborne SARs.

Temporal Coverage

Over most basins of interest four imagean be
acquired by ERSwithin its 35 day repeatcycle (i.e.
using adjacent ascendirand descending passes from
the 16day sub-cycle)This gives an average of one
image every 8.25 days, just outsidethe one week
requirement. However, the temporal pattern of coverage
is latitude dependent due to the lagtweenascending
and descending passes, which was discussadier
under image combination. In termsefen spacing of
temporal coveragshort lags are disadvantageous. For
example, overZillertal the interval between passes
ranges from 0.5 to 18.8ays, while over Tjaktjajaure
the intervalbetween passesanges from 6.5 to 12.5
days.

The shorter 24lay repeatcycle of Radarsatombined
with a steerable beam meahatbasins of interest can
be imaged more frequentthianwith ERS. The pattern
of temporal coverage willstil be determined by
latitude. Radarsat anBRS temporal coverage will of
course be reduced if other applications impds¢a
acquisition conflicts.

Near Real Time Transfer of Data

During 1999 ERSdatawere used to derive snovover
maps for forecasting snowmelt runoff in Tjaktjajaure
and Zillertal. While the required timescaleas 24
hours, normaldelivery of ERS PRIdata takes two
weeks. However, cooperation bgSA and D-PAF
allowed a special fastatadeliverychain to beformed.

The rawSAR datawas downloaded tthe Neustrelitz
receiving statiorand processed by DFIvithin 1.5 to
6.5 hours of data acquisition. Data transfer (130
Mbytes) tothe customers in Austriand the UK then
took between &nd 20 minutesrinally, geocoding and
classification by the customdook under 2% hours.
This delivery chain permittedsnowmaps to be derived
from descending (morningpasseswithin 6 hours.
Ascending (evening) passes totnger due to data
transfer not takinglace until the following morning.
However, snowmapswere still derivedwell within 24
hours.

CONCLUSIONS

« While it hasbeen clearly demonstratéldat C-band
SAR can beused to estimate snow coveratka,
general application of the method is constrained by
the factors reviewed irthis paper. Wheravailable,
possible solutions have been indicated.

¢ In regions of moderate thigh relief geographic
coveragecan be constrained by missimgverage.
This can besubstantially reduced by using shallow
incidence angles, such as are availalitem
Radarsat (and will bavailable from Envisat)This
approach is preferable to image combination, which
is latitude dependentand inferences based on
aspect and elevation.

» Large basins introduce specific problems of image
mosaicking and geophysical interpretation.

* SAR wet snow mapng is dependent on the
availability of suitable reference images. These are
more easily obtainednderdry continental climates
than wet maritime climates.

« Thewet snow classificatiomas to makellowance
for othertypes of backscattechange andack of
snow detection in forest.

» For inferringdry snow cover from SARnages, use
of an archived data approach is preferred tchihe
climbing approach, agaisubject to suitabledata
availability.

*  While snow maps derived fromSAR and high
resolution optical datahow goodagreement in an
alpine basin, large elevation-dependdifterences
are observed in aigher latitude basin. At higher
elevations the difference is due to incorrect
inferences on dry snow cover. At lower elevations it



is suspectedhat the difference is due to patchy
snow cover being underestimated by SAR.

* Snowmelt runoff modelling requiresweekly
estimates of SCA. Of currergpaceborneSARs
Radarsat cameetthis requirement whil&ERS can
provide near weekly coverage, dependent on
latitude.

« Data transfer and processing facilities are
sufficiently fast for providingdatafor use innear
real time forecasting of snowmelt runoff.

* While this paper is written in theontext ofsnow
mapping, many of the constrainggjually apply to
other SAR applications involving change detection
and timeseries analysis. Thproblem of missing
coverage needs to be addressed in arsa of
moderate tohigh relief. While the geophysical
constraints are mainly applicatiospecific, the
logistical constraints will be of concern to any
applications requiring regular repeaiverage and
near real-time data access.
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